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ABSTRACT
Friction Stir Welding (FSW) is a solid-state metal-joining process. Within FSW, a
(typically) cylindrical tool-pin (threaded at the bottom and terminated with a circular-plate shape
shoulder, at the top) is driven between two firmly-clamped plates (placed on a rigid backing
support). Due to a high normal downward pressure applied to the shoulder and due to frictional
sliding and plastic-deformation, substantial amount of heat is generated at the tool/work-piece
interface and in the region underneath the tool shoulder. Thermally plasticized work-piece
material is then extruded around the traveling tool and forged into a welding-joint behind the tool.
Due to its solid-state character and lower process temperatures, FSW possesses a number of
advantages in comparison to the conventional fusion welding processes. In the present work,
advanced computational methods and tools are used to investigate three specific aspects of the
FSW process: (a) material flow and stirring/mixing: Within the numerical model of the FSW
process, the FSW tool is treated as a Lagrangian component while the workpiece material is
treated as a Eulerian component. The employed coupled Eulerian/Lagrangian computational
analysis of the welding process was of a two-way thermo-mechanical character (i.e. frictionalsliding/plastic-work dissipation is taken to act as a heat source in the thermal-energy balance
equation) while temperature is allowed to affect mechanical aspects of the model through
temperature-dependent material properties. The workpiece material (AA5059, solid-solution
strengthened and strain-hardened aluminum alloy) is represented using a modified version of the
classical Johnson-Cook model (within which the strain-hardening term is augmented in order to
take into account for the effect of dynamic recrystallization) while the FSW tool material (AISI
H13 tool steel) is modeled as an isotropic linear-elastic material. Within the analysis, the effects
of some of the FSW key process parameters are investigated (e.g. weld pitch, tool tilt-angle and
the tool pin-size). The results pertaining to the material flow during FSW are compared with their
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experimental counterparts. It is found that, for the most part, experimentally observed materialflow characteristics are reproduced within the current FSW-process model; (b) modifications of
the existing workpiece material models for use in FSW simulations: Johnson-Cook strength
material model is frequently used in finite element analyses of various manufacturing processes
involving plastic deformation of metallic materials. The main attraction to this model arises from
its mathematical simplicity and its ability to capture the first order metal-working effects (e.g.
those associated with the influence of the extent of plastic deformation, rate of deformation and
the attendant temperature). However, this model displays serious shortcomings when used in the
engineering analyses of various hot-working processes (i.e. those utilizing temperatures higher
than the material recrystallization temperature). These shortcomings are related to the fact that
microstructural changes involving: (i) irreversible decrease in the dislocation density due to the
operation of annealing/recrystallization processes; (ii) increase in grain size due to hightemperature exposure; and (iii) dynamic recrystallization-induced grain refinement, are not
accounted for by the model. In the present work, an attempt is made to combine the basic
physical-metallurgy principles with the associated kinetics relations in order to properly modify
the Johnson-Cook material model, so that the model can be used in the analyses of metal hotworking and joining processes. The model is next used to help establish relationships between
process parameters, material microstructure and properties in FSW welds of AA5083 (a non-agehardenable, solid-solution strengthened, strain-hardened/stabilized Al-Mg-Mn alloy); and (c)
FSW-joint failure mechanisms under ballistic impact loading conditions: A critical assessment is
carried out of the microstructural changes, of the associated reductions in material mechanical
properties and of the attendant ballistic-impact failure mechanisms in prototypical Friction Stir
Welding (FSW) joints found in armor structures made of high-performance aluminum alloys
(including solution-strengthened and age-hardenable aluminum alloy grades). It is argued that
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due to the large width of FSW joints found in thick aluminum-armor weldments, the overall
ballistic performance of the armor is controlled by the ballistic limits of its weld zones (e.g. heat
affected zone, the thermo-mechanically affected zone, the nugget, etc.). Thus, in order to assess
the overall ballistic survivability of an armor weldment, one must predict/identify welding–
induced changes in the material microstructure and properties and the operative failure
mechanisms in different regions of the weld. Towards that end, a procedure is proposed in the
present work which combines the results of the FSW process modeling, basic physical-metallurgy
principles concerning microstructure/property relations and the fracture mechanics concepts
related to the key blast/ballistic-impact failure modes.

The utility of this procedure is

demonstrated using the case of a solid-solution strengthened and cold-worked aluminum alloy
armor FSW-weld test structure.

Keywords: Material modeling; Plasticity; Ballistic; Non-linear Dynamics.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1 Introduction
Friction Stir Welding (FSW) is classified as a solid state welding process. The
fundamental difference between a solid state welding and the conventional welding process is
that there is no melting of the material in solid state welding processes. Friction Stir Welding is
used mainly in critical applications where there should be very little or no change in the material
microstructure and the mechanical properties. Figure 1(a), shows a schematic of the FSW
process. In this process, a rotating tool is made to move along the interfaces of the two rigidly
clamped plates. The bottom of the tool consists of a pin which is threaded and in the shape of a
cylinder. The top of the shoulder contains the shoulder. Downward pressure is applied and the
shoulder is in contact with the workpiece top surface. The plates during the welding process are
supported by rigid backing plates. The rotational and translational motion of the tool results in the
generation of the heat because of friction at the interface of the workpiece and the tool and also at
the interface between the shoulder and the workpiece top surface. This friction results in an
increase in the temperature and results in softening of the material at the interfaces. This softened
material undergoes extreme deformation and the material in front of the tool is extruded around
the tool and forged at the back of the tool which results in the formation of the weld. Although the
butt welding is more commonly used in FSW, other kinds of joints such as lap joints can also be
joined using FSW. FSW is the most preferred joining technology used to join high strength
aluminum alloys, many grades of which were considered as unweldable by the conventional
fusion welding techniques. FSW is used in critical applications and employed by aerospace,
marine, railway industry.
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FSW offers some unique advantages compared to the fusion based welding techniques
such as: (a) Post weld mechanical properties are superior than those obtained using the fusion
welding methods. (b) Problem of fumes is avoided which results in improved safety; (c) Filler
weld electrodes or the gases used to shield are not used; (d) Welding in different positions of the
workpiece like the horizontal, overhead, vertical etc is possible; (e) Reduced cost on post weld
machining due to increased accuracy and less impact on the environment in the absence fumes.
The disadvantages associated with FSW are: (a) Large external forces are required; (b) When the
tool is removed from the workpiece after welding, an exit hole is left; (c) rates of welding are
slightly lower than that of the fusion welding processes. Due to the highly unsymmetric nature of
the process, distinction is required since the behavior of the material on the advancing side and
retreating side is different. If the direction of the tangential velocity of the material is in the same
direction as the translation of the tool, this side is referred to as the advancing side and if the
velocities are in opposite directions then the material lying on this side of the weld is referred to
as retreating side. This behavior results in unsymmetrical nature results temperature distribution,
the flow of the material around the tool and the mechanical properties. Friction stir welding
involves heating the material to sufficiently high temperatures by means of friction and plastic
deformation which leads to the recrystallization that takes place in the material which leads to
changes in the microstructure and in particular the grain size. The exposure of the workpiece
material in different regions to different temperatures and the extent to which the material
experiences this temperature and inturn the way they undergo cooling, all affect the resulting
microstructure. Figure 1(b) shows the different zones that are observed upon welding using FSW;
(a) The base metal which does not experience any temperature and therefore there are no changes
in the microstructure of the material lying in this region. (b) The second zone called as the Heat
Affected Zone (HAZ) which experiences higher temperatures. Consequently the material residing
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in this region does undergo changes in the microstructure which inturn affect the material
properties. Although this zone is observed in fusion welding as well, the extent of the changes
that occur at the microstructure are lower in FSW than the fusion welding due to lower
temperatures involved. (c) The third zone is the Thermo mechanically affected zone (TMAZ)
which is closer to the weld than the HAZ. The material residing in this zone experiences
significant mechanical and thermal effects which inturn affect the microstructure. Although the
material here experiences severe plastic deformation, the grains do no undergo recrystallization.
and (d) the innermost region which is called as the weld nugget. The material residing in this zone
undergoes extreme plastic deformation in the presence of high temperature and undergoes
dynamic recrystallization which results in a smaller grain size. Heat transfer in FSW not only
takes place by the means of thermal conductivity but also through the flow of the material from
the region ahead of the tool to the wake of the tool. The tool design and the material properties
play a crucial role in the heat transfer process. The dynamic recrystallization occurs in the
presence of plastic deformation and subjected to high strain rate conditions.
The critical parameters which significantly affect the welding process and the quality of
the weld are: (a) The rotational velocity; (b) Translational Velocity; (c) Plunge depth of the tool;
(d) tilt angle of the tool and (d) the tool design/features and the weld material itself. A delicate
balance is essential between the rotational and translational velocities since it may adversely
affect the temperature generated. It is found that larger rotational velocities and lower
translational velocities result in higher temperatures. If the temperature generated at the interface
is too high it may lead to undesired microstructural characteristics, on the other hand if the
temperature generated is too low it may lead to incomplete welds. Insufficient plunge depts. May
result in lower pressure at the interface of the top surface of the workpiece and tool shoulder. This
again results in insufficient temperatures generated at the interface. Insufficient plunge depths
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result in lower quality of the weld produced and higher plunge depths may result in reduced weld
thickness. The tool is not perpendicular to the workpiece but tilted at an angle of 2-4 deg which
helps in the forging action.
There have been considerable efforts to understand various aspects of the FSW process
and to study the effect of the FSW process parameters and its effect on the mechanical properties
of the weld. However, the experimental limitations to study the changes that occur in the material
at real time including the evolution of the material microstructure and the prediction of accurate
temperature distribution demands use of computational techniques. Developing computational
models using advanced tools and techniques to study the physical processes taking place in real
time can be better understood.
A number of research articles are available in the public literature which deals with the
numerical simulations of the FSW processes. Dr. Zhang et. all have developed a detailed thermomechanical model to study the microstructural evolution[29-31]. The main interest in most of
these articles was to study the effects of the process parameters in the mass transport.
Although other researchers have carried out similar investigations, in this work, an
attempt is made to predict more accurately the physical phenomenon occurring by taking into
account the strain hardening effects and the effect of dynamic recrystallization which
significantly affects the strength of the material i.e although the effect of equivalent plastic strain,
rate effects and the effect of temperature are accurately predicted by previous researchers, the
effect of dynamic recrystallization and the significantly high temperatures effects that lead to
irreversible effects in the microstructure is being taken into account in this model. Also, the
effect of the process parameters on the material flow and the subsequent changes in the
microstructure and the mechanical properties are also investigated.

4

The objective of the current study is to develop a comprehensive finite element
computational model and to investigate the effect of the Friction Stir Welding process parameters
and its effect on the material flow and the changes in the microstructure / mechanical property in
an 5000 series aluminum alloy.
The present thesis is organized in the following way: Chapter deals with the phenomena
associated with material flow and stirring/mixing during FSW. Chapter 3 deals with
modifications of the existing workpiece material models for use in FSW simulations. Main FSWjoint failure mechanisms are investigated in Chapter 4 while Chapter 5 summarizes the main
conclusions resulting from the present work and identifies potential extensions of the present
work.
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CHAPTER 2
COMPUTATIONAL ANALYSIS OF MATERIAL FLOW DURING
FRICTION STIR WELDING OF AA5059 ALUMINUM ALLOYS
2.1. Abstract
Material Flow and the stirring/mixing of the workpiece material around the tool occurring
during Friction Stir Welding(FSW) is investigated using computational techniques. The FSW tool
is modeled using lagrangian formulation and the workpiece material is modeled using the
eulerian formulation. Fully coupled thermo- mechanical analysis is carried out since the heat
generated due to friction and plastic deformation increases the temperature and this increase in
temperature inturn affects the mechanical properties. The workpiece material is modeled using a
modified form of the Johnson cook model (used to study mainly the plastic behavior of metallic
materials) by considering the dynamic recrystallization effects. The tool is considered as an
isotropic linear elastic material. The tool material is a high strength AISI H13 grade steel.
The objective of this analysis is to study the effect of FSW process parameters i.e the
effect of tool tilt-angle, tool pin-size and the weld pitch. The results obtained are compared with
the experimental data and it is found that the behavior of the material observed experimentally
matches closely with that of the computational results.
2.2. Introduction
Friction Stir Welding, invented by The Welding Institute in UK in 1991 is considered as
a solid state welding process since there is no melting of the work piece material. There is no
filler material used in this process and no external source of heat input. Sufficient heat is mainly
generated by the friction between the tool and the work piece and by plastic deformation. A more
detailed description of this welding process is found in the articles written by W. M. Thomas [1,
2] and therefore will not be provided here.
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Although many different materials have been successfully welded by FSW, aluminum is
the one which is most commonly used material which is welded. Many different grades of
aluminum which were considered previously as unweldable have been successfully welded by
FSW. Thickness of the plate’s up to 50 mm have been found to be welded successfully. Another
advantage of FSW, welding can be carried out in many positions like horizontal, overhead,
orbital, vertical and many more. Mainly weld preparations having butt and lap joint are welded
using FSW, but many other weld design have been found to have been welded successfully.
The design of the tool used in FSW plays a very critical role in the joining process and
has a very prominent impact in the quality of the weld that is achieved. The microstructure of the
material achieved post weld, the flow of the material around the tool, the temperature generated at
the interface all are affected by the tool design. The three main parts of the tool as shown in
Figure 2-1 are the Shank, Shoulder and the Pin. Most of the times FSW does not require a special
setup since it can be carried out in a milling machine. The workpiece to be welded is fixed and
translational and rotational motion is given to the tool. The torque is applied to the shank of the
tool and this is connected to the spindle of the milling machine. The tool is tilter at a certain angle
and is rubbed against the surface of the workpiece with a pressure which increases the heat and
results in more stirring of the workpiece material. It also does not allow the material to escape
from the region. The main role of the pin is to help generate more heat by friction and plastic
deformation. This also results in heat being generated along the weld, across the weld and also in
the vertical direction. The features of the pin are very important which help in generating heat.
They are often threaded, fluted and some are flat and these pin features play a very important
role. It is found that the amount of mixing and heat generated below the pin are less and are
highly localized. This helps in deciding the length of the pin to be used in the FSW process. This
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plays a very critical role in ensuring complete and welds free from defects. Figure 2.2 shows a
typical FSW welding process with the different regions of the weld formed.

Shank

Flutes
Shoulder
Threads
Pin
Figure 2-1. Typical Friction Stir Welding (FSW) tool used for joining of aluminum alloys

The FSW process involves: (a) Work piece interface is subjected to extremely high
pressure. The plates are held in place by means of fixturing equipment which helps prevent the
workpieces from seaparating due to extremely high forces involved. (b) The tool is then spun
with the appropriate angular velocity and is carefully lowered on to the workpiece till the
shoulder of the toll comes into contact with the top surface of the workpiece. (c) This tool which
is rotting is given a translation velocity which results in the material being stirred and the material
from the front of the tool is extruded to the back of the tool and is then forged which results in the
formation of the weld. (d) After the welding is completed, the tool is then upered from the
workpiece but is tool still keeps rotating. However a hole is left at the end of the welding process
which needs further machining to take place.
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Tool Rotation
Direction
Tool Shank
Weld Direction

Base Metal
Tool Pin
Retreating Side

Tool Shoulder

Weld Nugget

TMAZ

Advancing Side

HAZ

Figure 2-2. A schematic of the Friction Stir Welding (FSW) process.

The direction of rotation of the tool is the same as the direction of welding, the spatial
distribution of temperature and the microstructure is not uniform which means that the FSW
process is unsymmetrical. Therefore, if the direction of the tangential component of the tool and
the direction of welding is the same, this material on this side is called as the advancing side
opposed to the retreating side. Also, if the material lies ahead of the tool it is referred to as
leading side or if the material lies behind the tool it is referred to as the trailing side.
The FSW welding process is quite complex if observed from the microscopic level and
the interactions between many physical process and the effect of temperature add’s to the
complexity [3-10].Therefore the spatial distribution of the microstructures and in turn the
mechanical properties are extremely complex. In a typical there are four different weld zones
observed other than the base metal. The material in the base metal does not experience any
increase in temperature and therefore the microstructure of the material in this region is not
affected. Figure 2.3 shows the different weld zones observed in FSW (a) Heat Affected
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Zone(HAZ) : The material residing in this region experiences an increase in temperature and
consequently the there is a change in the microstructure. The microstructure in this region
depends on the amount of temperature that it experiences, the duration of increase in temperature
and the way it is cooled back. All these affect the microstructure that is achieved. The thermal
conductivity also plays an important role in deciding the width of the HAZ. This zone is said to
be having the least strength. (b) Thermo-Mechanically affected zone (TMAZ) .This is the region
which experiences a lot of plastic deformation in addition to the increase in temperature. This
region is located closer to the welding interface than the HAZ. The microstructure achieved in
this region is observed to have a much finer grain size than the HAZ.

Tool Shoulder Width

TMAZ

TMAZ
Flow Arm
Base Metal
HAZ

Weld
Nugget

Base Metal
HAZ

Figure 2-3. A schematic of the main microstructural zones associated with the typical FSW joint.

(c) The innermost region of the FSW weld observed is the weld nugget. This region experiences
the highest temperature exposure and very severe plastic deformation. Material residing in this
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region undergoes dynamic recrystallization. Also, onion ring structures are observed due to the
way the material is transported around the tool.
There are a lot of advantages in the solid state welding process like FSW when compared
with the fusion welding process. Details are already provided in our previous work. This is
because there is no melting of the work piece material in FSW. Also, there is no use of a filler
material which in the long run can result in corrosion if the material is exposed to corrosive
environments. Since there is no melting, the microstructure and the material properties that are
achieved are very good.
Although FSW can be considered as a new joining technique, this welding process has
already been used in many different industries like the use of FSW in welding Al-Si alloy in
Japan, welding of Al-Cu alloy by Boeing, low temperature, high strength fuel tanks designed by
NASA and also by GE for its engine manufacture.
There has been considerable research carried out to better understand FSW process in the
past two decades. They were mainly experiment studies to better understand the effect of the weld
process parameters and to correlate it to the mechanical properties achieved post weld. Simulating
these processes involving extreme deformations have also been done. Careful review of the
previous work, suggests that the main objective of the study has been to identify the best tool
design and to identify the best process parameters on a wide array of materials. However, the
study of the flow of the material around the tool has not been the subject of study for most
researchers despite the important role played by the material flow in the overall welding process.
Therefore, in the present work, computation models are developed to study this
phenomenon. The study of critical features of the flow of the material is very essential and this
determines how efficient a computational model can capture the effects.
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This chapter is organized as follows: Section II provides a brief overview of the work carried out
previously related to the material flow. Description of the CEL formulation and the essential
feature of the thermo-mechanical analysis carried out is given in Section III. In Section I V results
obtained from the computational model is discussed and compared with the experimental results.
Conclusions are presented in Section V.
2.3 Visualization of Material Flow
This section briefly describes the experimental work done in the past decade. One of the
earliest studies done was to study the effect of the traverse velocity of the tool and how that
affects the material flow in welding dissimilar materials. However there was some limitations and
major assumptions in this study. This gave a brief outlook as to how the material flow occurred in
dissimilar materials.
Li et al [26] have conducted experiments using mainly AA grades or Al-Cu grade
materials. After careful study, it was concluded that the material flow around the tool is complex
in character.
Colligan at al [27] conducted experiments where in they placed very small spheres ( very
small diameter) at different locations along the interface prior to welding and their positions at
the end of the welding process were found by NDT testing the welded specimens. The summary
of the findings of the experiments are: (a) Material flow is more prominent in the region below
the tool shoulder i.e most stirring action takes place in the region below the shoulder; and (b) In
other locations, the material is only extruded around the tool. The drawbacks of these studies
were: (a) Conclusion was made by studying only single tracer particles and (b) The spheres
placed might have influced the flow of the material significantly. Also, the flow around the tool is
greatly influenced by the FSW tool features and also the process parameters.
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Another technique called as the marker insert technique to study material flow was
carried out by Reynolds et al [28-31]. In this new approach, markers of a different grade of
aluminum is placed at the interface on both the work pieces. After the welding, the top surfaces of
the workpiece would be machined to locate the marker inserts. Also, etching was carried out on
the machined surface to differentiate the contrasts and later digital images were taken to study
further.These images were later assembled later to get a 3D model of the welded structure. Later,
these were used to study and understand the flow of the workpiece material during the welding
process.
The results of the study by Reynolds et al. are : (a) Both the translational speed and the
rotational speed of the tool play a critical role in the flow of the material; (b) Little flow was
observed through the thickness direction and more in the horizontal plane(c) The flow in the
horizontal plane involved plastic deformation of the material. Stirring is observed mainly near the
shoulder interface with the tool. (d) It was also observed that the material is transported from the
retreating side of the weld to the advancing side. This is mainly due to the normal contact
pressure applied at the interface of the top surface of the workpiece and the tool shoulder. (e) The
tool features play an important role in achieving a good quality weld. Some of the tool features
include the taper of the pin, diameter of the pin, threads, flutes etc.
2.4 Computational Modeling and Analysis
The ALE formulation was used in modeling Friction Stir Welding Process in all the
previous work associated with a fully coupled thermo- mechanical analysis. The objective of the
previous studies involved the spatial distribution of microstructure and the associated mechanical
property distribution across the FSW structure. The objective of the present work is to study the
flow of the material and relate it to the process parameters. To achieve this, Combined Eulerian
Lagrangian (CEL) approach is used where in the material flows has an eulerian character and

17

flows through the mesh and interacts with the lagrangian tool. The problem of excessive
distortion is avoided by using this CEL formulation. Also, CEL allows multiple materials to flow
through it which helps us to use the marker insert technique by assigning a different material
name to the marker material. However, this CEL formulation is much more expensive.
2.4.1 Computational Domain
In a welding process, the workpiece is held stationary and the tool moves along the
interface to form a weld. However, in this analysis we assume that the material flows and comes
into contact with the rotating tool. The work piece material flow is defined as Eulerian and the
Tool is defined as Lagrangian. The Eulerian domain is 45mm x 35mm x 8mm. This domain is
meshed using a 8 noded brick element. Since the tool experiences considerably less deformation
when compared with the workpiece material it is assumed to be rigid. The tool used in the
computational model is described in Section IV. The design consisted of tapered features, threads
on the pin and the shoulder was considered as cylindrical. Tool is discretized using linear
tetrahedron element.Figure 2-4 shows the orientation of the workpiece with the tool. However, in
the figure the tool is initially at a certain distance from the top of the workpiece. Approximately
125000 elements were used to discretize the eulerian subdomain and 15,000 elements were used
to discretize.
2.4.2 Computational Analysis Type
Coupled Eulerian Lagrangian method is used in the present study and a two way coupled
thermo mechanical analysis is carried out.This is done to take into account the heat generated due
to friction at the interface and also the plastic deformation which the material undergoes is
converted to heat and increases the temperature and this is sufficiently high that it affects the
mechanical response of the material. Also, temperature degrees of freedom is activated for the
elements.
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Figure 2-4. A schematic of a typical FSW tool (Lagrangian domain) and workpiece (Eulerian
domain) used in the present work.

2.4.3 Initial Conditions
Abaqus required that the volume fraction be defined in the eulerian domain initially for
each element. Once the material exits the eulerian domain it is no longer in the simulation and is
lost. To mimic the actual welding process where there is ejection of the material initially where
the tool first contacts the workpiece during the plunge, there is some material which is ejected
out. To mimic this effect a void is created. The volume fraction initially of the work piece
material in the void region is zero. The tool is initially rotating at a constant velocity but the
translation component of the velocity is zero. The temperature is set to 25 deg C.
2.4.4 Boundary Conditions
As briefly described earlier, the translational velocity is given to the workpiece instead of
the tool which means that the translational velocity is assigned to the workpiece and not the tool.
The workpiece moves through the eulerian domain. Material enters the eulerian domain through
the in-flow and exits the domain at the out-flow. The material is not allowed to flow in any
direction other than the inflow and outflow. This is done by prescribing no flow boundary
condition. Also in the actual welding process, there is no flow of the material in the downward
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direction where there is a rigid support. Here too, no flow B.C is prescribed. The helps to model
the process as realistic as possible.
2.4.5 Tool/Workpiece Contact Interactions
Contact interactions are defined to model the contact which occurs between the
workpiece and tool. Since there is no external source of heat, the heat generated at the work piece
/ tool interface due to friction and plastic deformation is the main source of heat and modeling
this contact accurately is very important. Normal and tangential forces are generated when
contact occurs between two bodies. Modeling the contact between eulerian and lagrangian
becomes more complicated since the eulerian mesh and the lagrangian mesh do not coincide.
Therefore, an advanced technique which utilizes the immersed boundary method is used in the
analysis. There is no limit to the amount of normal force that can be applied. The normal force is
modeled using the penalty contact method and the shear stresses are modeled using the coulomb
friction law. There is no limit as to stresses that can be developed across the interface.
Contact is not just between the tool and the workpiece but also between the materials in
the eulerian domain itself. This modeling capability of abaqus to model the contact of the
materials in the eulerian domain is what helps us to study the material flow more accurately.
2.4.6 Heat-generation and Partitioning
As described previously, the only sources of heat are due to the heat generated and the
plastic deformation that takes place. We assume that most of the heat generated at the interface
results in the increase in temperature, i.e we neglect the losses if any. The greater the normal and
the shear forces, the higher is the amount of heat generated. We assume that 90% of the work
done is converted into heat and information along with the specified thermal conductivity of the
material helps abaqus to compute the amount of heat that is transferred between the tool and the
workpiece.
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2.4.7 Computational Algorithm
As explained earlier, the key feature of this analysis is the use of the Eulerian formulation
and studying the interaction between the eulerian and the lagrangian domain (Tool). This kind of
analysis where the material in the eulerian interacts with the lagrangian model is called the FSI
interaction i.e fluid and structure interacting with one another. In the eulerian formulation, the
mesh is fixed and the material flows through it. In lagrangian, the mesh has to follow the material
point to which it is associated. In eulerian, there is a possibility of more than one material flowing
through it. However, when there are multiple materials, the boundary between the materials
within a single element is usually difficult and demands for very fine size of the mesh.
The fundamental use of the eulerian analysis is to overcome the problems associated with
the lagrangian formulation where there is excessive distortion of the elements and the analysis
fails prematurely. Also, eulerian analysis permits the use of multiple materials, which allows us to
use the concept of tracer particles to track the material point.
The analysis involved two way coupled thermo mechanical analysis and using the
explicit method to solve the numerical equations and also taking the effect of mass inertia.
2.4.8 Computational Accuracy, Stability and Cost
To ensure the accuracy of the models, a series of analysis was carried out with different
mesh sizes and the number of elements and we could infer that the model is not very sensitive to
the size in the mesh parameters. Also since we are using the explicit algorithm in abaqus, the
minimum time increment that it can take is directly related to the size of the smallest element in
the model. Also, the algorithm which artificially increases the mass of the elements which helps
to ensure that the cost of the analyses is used. Therefore, for a given element, abaqus knows the
volume of that element and the density we specify. This info helps abaqus to increase the mass in
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each time increment if the actual increment falls below the minimum specified time increment.
The explicit algorithm is conditionally stable.
2.5 Material Models
2.5.1 Tool Material
The tools typically used in FSW are the HSS ( High speed steel) grades of steel like the
AISI grade H series or the M series. These are materials having very high strength and offer good
resistance at higher temperatures. The amount of plastic deformation that the tool undergoes is
very less when compared to the workpiece. The main mode of failure in tools is through wear.
This demands tool having very high strength. In the present analysis the tool is treated as a linear
elastic material. The thermal conductivity and the coefficient of thermal expansion plays a very
crucial role in portioning heat generated at the interface among the workpiece and the tool. The
thermal conductivity is set as 30 W/m.K. The mechanical properties specified include poisons
ratio : 0.3, rho : 7825 kilogram / cubic meter and the modulus in tension of 210Gpa.
2.5.2 Workpiece Material
The material considered in the present study involves a Aluminum alloy 5000 series
which has undergone the strengthening mechanism involving heat treatment and cold rolling. In
the present study, we assume that the material is isotropic and obeys the hookes law in the elastic
region, that the material is capable of strengthening when loaded beyond the elastic limit and is
sensitive to temperature and strain rate. The plasticity is modeled using the Johnson Cook
material model. Johnson cook model says that the strength of the material is a function of the
strain hardening, strain rate and the temperature effects. Table 1 shows the mechanical and
thermal properties used in the present study.
Careful examination of the temperature effect on the strength of the material in the
original Johnson cook material model reveals that temperature has a reversible effect on the
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strength of the material i.e it does not take into account the microstructural changes that occur
since the material is subjected to high temperature. Assumptions of no microstructural changes
can be assumed only if the material experiences significantly lower temperatures. But since in
Friction Stir Welding, the temperatures that the material experiences are around the
recrystallization temperature, this assumption of no changes in the microstructure cannot be
assumed. This is the reason we wish to modify the Original Johnson Cook material model.
Modeling this irreversible temperature effect is done by modifying suitably the term in
the JC model which accounts for the strain hardening effect. The strength of the material still
increases due to the equivalent plastic strain ( B pln , where n is a exponent term and B is a
material parameter) i.e more plastic straining taking place means that the strength of the material
is increasing. Another parameter to take into account the effect of the dynamic recrystallization
which leads to softening. This is a negative value. But the assumption that the movement of
dislocations is the fundamental reason as to why plastic deformation takes place still holds good.
However, the net equivalent plastic strain is controlled by two effects: the increase in dislocation
density due to the movement of dislocations and the decrease in dislocation density due to
dynamic recrystallization.
2.6 Results and Discussion
Workpiece material flow around the tool is the main topic of study in the current analysis
and to study how the flow changes by varying certain critical friction stir welding process
parameters. We used a marker insert technique, wherein a marker was strategically placed on
both the advancing as well as the retreating side of the workpiece. The material that this marker
was made up of is essentially the same as that of the work piece material, however ABAQUS
allows us to define multiple materials and therefore, by assigning a different name to this marker
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material we were able to change the color code and this helped us to keep a trak of it throughout
the analysis.
Keeping a track of the volume fraction of the elements helped us to visualize the flow of
the material with the eulerian domain. The volume fraction was initially one hundred percent of
marker material in one element of the eulerian domain and there was only one marker material
defined. As the welding process started, the marker materials interaction with the tool and the
stirring effect becomes distributed across a larger area and the volume fraction ( VF of the marker
material) continues to decrease.
First, a baseline case is run wherein standard set of FSW process parameters are used.
Then, the effect of the material flow is compared by changing certain critical parameters and
comparing it with the baseline case.
2.6.1 Baseline Case
The parameters of the tool used to study material flow in the baseline case are listed table 2.
Table 2-1. Parameters used for the Baseline Case

Tool Geometry
Parameter

Value

Diameter of the shoulder

0.025m

Under cut angle of the tool shoulder

7 deg

Length of the pin

0.0057m

Upper diameter of the pin

0.01m

Taper angle (pin)

10 deg

Thread pitch(pin)

800 threads / m
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The tool is a HSS tool made up of AISI grade H series steel. The work piece material is a 5000
series aluminum alloy (AA 5059). The FSW tool parameters used are : speed of rotation of the
tool is 500 rpm, translational speed is 0.0025 m/sec, tool backward tilt angle is 2.5 deg, depth of
the plunge is 0.0001m.
Figures 2 -5 (a) : (h) shows for the baseline case the temporal evolution and the spatial
distribution. The tool in these figures is travelling to the left of the workpiece. The top and rear
views are shown in Figures 2-6 (a) : (h) and 2.7 (a) : (h).
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Tool Travel Direction

Marker Position

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2-5. Side view of the spatial distribution and temporal evolution of the marker-material
(initially located on the workpiece advancing-side/top-layer) volume fraction (red greater than 0.8,
blue less than 0.2): tool rotation speed=500rpm; tool travel speed=0.0025m/sec; tool tilt
angle=2.5degrees; tool plunge depth=0.0001m; 10mm upper-diameter tool pin; welding time in
seconds: (a) 2.7; (b) 6.6; (c) 10.5; (d) 14.4; (e) 18.3; (f) 22.2; (g) 26.1; (h) 30.
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Tool Rotation
Direction

(a)
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(h)

Figure 2-6. Top view of the spatial distribution and temporal evolution of the marker-material
(initially located on the workpiece advancing-side/top-layer) volume fraction (red greater than 0.8,
blue less than 0.2): tool rotation speed=500rpm; tool travel speed=0.0025m/sec; tool tilt
angle=2.5degrees; tool plunge depth=0.0001m; 10mm upper-diameter tool pin; welding time in
seconds: (a) 2.7; (b) 6.6; (c) 10.5; (d) 14.4; (e) 18.3; (f) 22.2; (g) 26.1; (h) 30.
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Figure 2-7. Rear view of the spatial distribution and temporal evolution of the marker-material
(initially located on the workpiece advancing-side/top-layer) volume fraction (red greater than 0.8,
blue less than 0.2): tool rotation speed=500rpm; tool travel speed=0.0025m/sec; tool tilt
angle=2.5degrees; tool plunge depth=0.0001m; 10mm upper-diameter tool pin; welding time in
seconds: (a) 2.7; (b) 6.6; (c) 10.5; (d) 14.4; (e) 18.3; (f) 22.2; (g) 26.1; (h) 30.
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The results of the baseline case for the marker placed at the interface of the workpieces
are shown in figures 2-8(a) – (h) , 2-9 (a) – (h) and 2-10(a) – (h). Figures 2-11(a) – (h), 2-12 (a) –
(h) and 2-13(a) – (h) shows the results for the marker material on the side of retreating.
Figures 2-5 (a) to (h) and 2-13 (a) to (h) shows the results for the marker at the top of the
workpiece.
(a) It can clearly be seen that the marker material has spread over a much broader area of the
eulerian domain from its initial position. This also means that the volume fraction is continuously
decreasing which satisfies the conservation requirements.
(b) At the end of the simulation i.e after the completion of the weld, the marker material stays on
the side it was originally located i.e if a particle was located on the retreating side, it would end
up on the retreating side.
(c) Also from figures 2.5 (b) – (d) it is observed that the flow of the material is mainly in a
horizontal plane and there is very little or no flow in the direction through the thickness. This is
particularly true for material residing on the retreating side i.e there is not much stirring action
taking place for materials residing in this side of the weld.
(d) The material on the advancing side experiences the largest dispersion as shown in figure 26(h).The lowest dispersion is found to be on the material on the retreating side.
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Marker Position

(a)
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(c)
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(e)

(f)
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Figure 2-8. Side view of the spatial distribution and temporal evolution of the marker-material
(initially located on the workpiece interface/top-layer) volume fraction (red greater than 0.8, blue less
than 0.2): tool rotation speed=500rpm; tool travel speed=0.0025m/sec; tool tilt angle=2.5degrees; tool
plunge depth=0.0001m; 10mm upper-diameter tool pin; welding time in seconds: (a) 2.7; (b) 6.6; (c)
10.5; (d) 14.4; (e) 18.3; (f) 22.2; (g) 26.1; (h) 30.
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Figure 2-9. Top view of the spatial distribution and temporal evolution of the marker-material
(initially located on the workpiece interface/top-layer) volume fraction (red greater than 0.8, blue less
than 0.2): tool rotation speed=500rpm; tool travel speed=0.0025m/sec; tool tilt angle=2.5degrees; tool
plunge depth=0.0001m; 10mm upper-diameter tool pin; welding time in seconds: (a) 2.7; (b) 6.6; (c)
10.5; (d) 14.4; (e) 18.3; (f) 22.2; (g) 26.1; (h) 30.
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Figure 2- 10. Rear view of the spatial distribution and temporal evolution of the marker-material
(initially located on the workpiece interface/top-layer) volume fraction (red greater than 0.8, blue less
than 0.2): tool rotation speed=500rpm; tool travel speed=0.0025m/sec; tool tilt angle=2.5degrees; tool
plunge depth=0.0001m; 10mm upper-diameter tool pin; welding time in seconds: (a) 2.7; (b) 6.6; (c)
10.5; (d) 14.4; (e) 18.3; (f) 22.2; (g) 26.1; (h) 30.
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Figure 2-11. Side view of the spatial distribution and temporal evolution of the marker-material
(initially located on the workpiece retreating-side/top-layer) volume fraction (red greater than 0.8,
blue less than 0.2): tool rotation speed=500rpm; tool travel speed=0.0025m/sec; tool tilt
angle=2.5degrees; tool plunge depth=0.0001m; 10mm upper-diameter tool pin; welding time in
seconds: (a) 3.9; (b) 5.4; (c) 7.2; (d) 8.4; (e) 9.9; (f) 11.4; (g) 12.9; (h) 14.4.
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(a)
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(c)
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(e)

(f)

(g)
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Figure 2-12. Top view of the spatial distribution and temporal evolution of the marker-material
(initially located on the workpiece retreating-side/top-layer) volume fraction (red greater than 0.8,
blue less than 0.2): tool rotation speed=500rpm; tool travel speed=0.0025m/sec; tool tilt
angle=2.5degrees; tool plunge depth=0.0001m; 10mm upper-diameter tool pin; welding time in
seconds: (a) 3.9; (b) 5.4; (c) 7.2; (d) 8.4; (e) 9.9; (f) 11.4; (g) 12.9; (h) 14.4.
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Figure 2-13. Rear view of the spatial distribution and temporal evolution of the marker-material
(initially located on the workpiece retreating-side/top-layer) volume fraction (red greater than 0.8,
blue less than 0.2): tool rotation speed=500rpm; tool travel speed=0.0025m/sec; tool tilt
angle=2.5degrees; tool plunge depth=0.0001m; 10mm upper-diameter tool pin; welding time in
seconds: (a) 3.9; (b) 5.4; (c) 7.2; (d) 8.4; (e) 9.9; (f) 11.4; (g) 12.9; (h) 14.4.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

Figure 2- 14. Rear view of the spatial distribution of the marker-material (initially located on the
workpiece advancing-side/top-layer) volume fraction for: (a) baseline case, tool rotation
speed=500rpm, tool travel speed=0.0025m/sec, tool plunge depth=0.0001m, tool tilt angle=2.5degrees,
10mm upper-diameter tool pin; (b) tool rotation speed=700rpm; (c) tool rotation speed=300rpm; (d)
tool tilt angle=3.5degrees; (e) tool tilt angle=2.0degrees; (f) 12mm upper-diameter tool pin; and (g)
8mm upper-diameter tool pin. Note that for cases (b)-(g) the values of the unspecified FSW
parameters are the same as in the baseline case (a).
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2.6.2 Effect of FSW-Process Parameters on Workpiece Material Flow
The effect of varying few critical parameters and the impact of this on the material flow
is studied. The parameters that were varied were the weld pitch, tilt angle of the tool and the
diameters of the pins (both the lower and upper) . Study was conducted by varying one parameter
at a time and keeping the others constant. Different views captured at different time helps to
visualize the flow better. Figure 2-14(a) shows the baseline case results. Baseline case results are
compared with the result of the varied parameter and the effects are compared.
2.6.2.1 Weld Pitch
Comparison of the figues 2-14(b),(a) and (c) reveals the effect of the weld pitch. The
weld pitch magnitudes used are: 3.40∙10-5m/radian, 4.75∙10-5m/rad and 7.90∙10-5m/rad. It can be
reasonably accurately inferred that the greatest stirring / mixing is at the value of the weld pitch
equal to 3.40E-5 m /rad which is the least pitch value. It can be observed that as the weld pitch
increases, the extent of mixing / stirring is always reducing. This is expected since higher
rotational speed results in higher temperature generated at the interface and softens the material
which helps in stirring.
2.6.2.2 Tool Tilt-angle
By comparing Figures 2-14(d) (a) and (e), the effect caused by the tilt angle of the tool
can be inferred. The tilt angles used are 3.5, 2.5 and 2.0 deg. However, the tilt angle for the
baseline case yields the greatest material stirring. Tilt angle in the range of 2.5 deg could be the
most effective for maximum stirring to take place. Results obtained from experiments suggests
the same. During welding, the material is taken from the front of the tool and forged at the back
to form the weld. It is during this forging action that the tilt angle plays an important role.

37

2.6.2.3 Tool-pin Upper and Lower Diameters
Comparing figures 2-14(f), (a) and (g) the effect of variation of the size of the tool pin is
clearly visible. However, in all the three levels of the diameters of the tool pin, the angle of taper
was held constant. The three levels of the diameters used were 12 e-3 m, 1e-2m and 8e-3m. The
figures reveal that the greatest material mixing takes place when we have selected the highest size
of the pin. This result makes sense with the fact that higher the pin size, the amount of energy
input is higher; the same has been observed experimentally.
2.7 Summary and Conclusion
From the above discussions, the following can be concluded:
1. A two way coupled analysis is carried out where the temperature affects the mechanical
properties and inturn the mechanical effects of friction and plastic deformation affects the thermal
part so as to make the study of the material flow around the tool more accurate. Certain critical
parameters are such as the angle of tilt, diameter of the pin and the weld pitch are varied to study
these effects on the material flow.
2. Flow of the material residing on the advancing side as well as the retreating side behaves
differently or in other words the material residing on the advancing side undergoes extensive
stirring while the same does not hold good for the material residing on the retreating side.
3. Flow of the material residing on the retreating side largely occurs in the same plane i.e not
much flow in through the thickness direction. However, the material on the advancing side
undergoes prominent flow in through the thickness direction.
4. Lesser weld pitch, tilt angle of around 2.5 deg and a larger diameter of tool pin are favorable
parameters to obtain good stirring of the material
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Table 2-2. Johnson-Cook Yield Strength (σy) Material Model Parameters*
and the Corresponding Elastic and Thermal Parameters for AA5059
Parameter

Symbol

Units

Value

Reference Strength

A

MPa

167.0

Strain-hardening Parameter

B

MPa

596.0

Strain-hardening Exponent

n

N/A

0.551

Strain-rate Coefficient

C

N/A

0.001

Room Temperature

Troom

K

293

Melting Temperature

Tmelt

K

893.0

Temperature Exponent

m

N/A

1.0

Young’s Modulus

E

GPa

70

Poisson’s Ratio

N/A

0.3

Density

kg/m3

2700

Thermal Conductivity

k

W/m.K

120

Specific Heat

cp

J/kg.K

880



*  y  A  B(







) 1  C log(  pl / o pl ) 1  THm ; TH  (T  Troom ) /(Tmelt  Troom )

pl n
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CHAPTER 3
MODIFICATIONS IN THE AA5083 JOHNSON-COOK MATERIAL MODEL
FOR USE IN FRICTION STIR WELDING COMPUTATIONAL ANALYSES
3.1. Abstract
Modeling of manufacturing process involves plastic deformation of the materials. To
study the behavior of materials when undergoing a permanent change in shape, the Johnson
Cook(JC) material model is used. The JC Model defines the strength of the material as a function
of three parameters i.e the strength of the material depends on the strain hardening effects, strain
rate effects and temperature. This model gives a good approximation if the temperature that the
material experiences in the process is not very high. But, in the case of FSW, where the material
experiences temperatures around the recrystallization temperature, the JC model does not take
into account the changes that occur at the microstructure level which also affects the strength of
the material in addition to the three listed above.
In order to account for this change in the microstructure where the density of dislocations
reduces due to the effect of annealing and also the size of the grains increases, modification of the
Johnson cook material model was carried out. By combining the basics principles of material
science and the relations between that of the kinetics associated with it, the modified JC model
can then be used even if the temperature that the material experiences is near that of the
recrystallization temperature. This material model can then be used to predict the spatial
distribution of the microstructure and the mechanical properties in FSW. Aluminum alloy 5000
series grade 5083 is used in the present study.
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3.2. Introduction
Modification of the Johnson cook material model used to study metal plasticity is carried
out in this study. This JC model which is modified to take into account the effect of the
microstructural changes on the strength of the material is later linked with the optimal process
parameters to obtain the spatial distribution of the microstructure and the corresponding material
properties. As mentioned earlier aluminum alloy 5000 series which is heat treated to the H131
condition is used.
3.3. Johnson-Cook Material Strength Model
The elastic response of the of the aluminum alloy considered in this study is modeled
using as an isotropic and obeys hooke’s law i.e the stress strain relationship in the elastic region is
assumed to be proportional. The Strength of the material is assumed to be affected by the rate
effects and the temperature effects in addition to the hardening behavior exhibited by most
metals. To define metal plasticity, first the yield criterion was defined. This yield criteria is a
scalar measure, beyond which stress limit the plastic deformation initiates. Second, the direction
in which plastic deformation takes place is prescribed through the use of the flow rule and the
third relation which defines plasticity is called the material constitutive equation which defines
how the strength of the material changes with respect to the rate effects, temperature and the
amount of plastic straining taking place.
The fundamental assumption in metal plasticity is that, plastic deformation takes place to
the movement of dislocations within the material. Dislocations are nothing but defects. When
plastic deformation is taking place the it is also assumed that the only the shape of the geometry
changes but the volume remains the same. Plasticity initiates when the mises stress which is a
scalar stress measure exceeds the yield strength of the material which is also a scalar quantity.
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The direction in which the plastic deformation takes place is dictated by the normality flow rule
The JC strength material model as a function of hardening, strain rate and temperature is :





 B

 y  A1  ( pl ) n  1  C log(  pl / o pl ) 1  THm 
 A


(1)

 pl represents the amount of plastic straining taking place which is a scalar measure,  pl a scalar

measure the rate effect, o pl reference scalar measure of the rate, A represents the strength when
there is no plastic straining, B and n are the hardening parameters, C is the rate parameter which
is a constant, m is the temperature induced softening parameter and TH is homologous
temperature, Tmelt is the melt temperature. All units are in SI units.
‘A’ in the above equation denotes the yield strength of the material. Strain hardening
effect is taken into account in the first term, strain rate is taken into account in the second term
and the temperature effect is represented in the third term. The yield strength of the material is
sensitive to the microstructure of the material i.e it varies with the size of the grain. The grain size
can be assumed to be constant if the temperature that the material experience is not near the
recrystallization temperature. Therefore, the yield strength of the material can be assumed to be
constant. However at higher temperatures the size of the grain increases as well as undergoes
recrystallization in the presence of the plastic deformation and assuming the yield strength of the
material is constant no longer holds good.
As mentioned earlier the fundamental assumption in metal plasticity is that the plastic
deformation is mainly due to the movement of dislocations i.e. more plastic straining taking place
means that the dislocation density is increasing and in turn the strength of the material is
continuously increasing. The equivalent plastic strain term in the JC model is an indicator of the
density of dislocations. When the material experiences recrystallization temperatures the density
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of dislocations reduces which means that the equivalent plastic straining occurring has to take this
reduction of dislocation density into account. However abaqus assumes that the equivalent plastic
strain and inturn the dislocation density is always increasing. This behavior is not taken into
account in the original JC model. The modification of the JC model is done only on the first term
of equation 1 above which represents the strain hardening behavior. The effect of rate does not
affect the microstructure of the material but as can be seen from the JC model they bring about
reversible change. At higher temperatures, this reversible nature cannot be assumed to take place.
This is the second reason as to why the JC model is not suitable for higher temperatures.
3.4 Butt Friction Stir Welding:
The attraction to this welding process arises from the fact the microstructure of the
materials are not affected to a large extent by the welding process. This in critical applications is
very essential since one of the primary loads that these welded plates have to carry are the blast /
ballistic loads when used in the army tanks. The details of the process have been described in the
earlier chapter and therefore detail explanation will not be given in this section. Figure 3.1 shows
description of the welding process and the resulting microstructure zones that are typically visible
after the weld. It is important to note that there is no external heat input and therefore problems of
corrosion are completely eliminated. Large external forces are applied and therefore it is critical
that workpiece clamping devices are secure.
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Figure 3-1. (a) A schematic of the Friction Stir Welding (FSW) process; and (b) the main
microstructural zones associated with the typical FSW joint
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The most common materials that are used to weld by FSW are aluminum alloys which
due to the high strength have been found to be extremely difficult to weld. The problems of
cracking upon solidification and the mechanical properties achieved are avoided by the use of
FSW. In fusion welding, many times it was found that the strength of the material in weld was the
least when compared with other regions. This was evident by conducting a tension test by cutting
the welded sample in a direction transverse to the direction of the weld. There are no gases which
are emitted and this process is also environment friendly. Also, the problem of distortion can be
avoided to a certain extent since there is no filler material which will be having a coefficient of
thermal expansion different from that of the workpieces. Plate thicknesses of up to 40mm have to
found to be successfully welded using FSW. Four distinct zones have been found to be prominent
in FSW welds and the differences between any of these are the microstructures observed in the
materials. The heat affected zone is the region having the least strength and it is important that the
process parameters be chosen so as to minimize the width of this zone. Predicting the
microstructure is a complex process controlled by many factors and processes occurring at the
minute level. The design of the tool too plays an important role. Enough care has to be taken to
ensure that the temperature which is generated at the interface is sufficient enough i.e sufficient
softening has taken place so that the material can be easily extruded and forged at the back.
Cracks may be formed if there are not sufficient heat is generated at the interface of the work
pieces. This can be attributed to the material in the weld that is not ductile enough.
3.5 Objectives / Problem Statement
Modification of the abaqus inbuilt JC model is the topic of discussion in the present study
to account for the changes that occur at the microstructure level during the FSW process.
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The following activities were done to achieve the objective:
First, identify the parameters that control the strength of the material and the microstructural
factors affect the strength. Determine the equations that govern the process of changes that occur.
Introduce the above identified parameters into the JC model so as to make the strength
microstructure dependent.
3.6 Organization of the Paper
Section 2 deals with the modifications carried out on the JC model. Section 3 deals with
the details of the two way coupled thermo mechanical analysis. Section 4 and section 5 presents
the results and the conclusions of the study respectively.
3.7 Johnson-Cook Model: Modification and Implementation
Modifications carried out on the JC model to include the effect of microstructure on the
strength of the material are discussed here. This is followed by the details of the implementation
of the modifications to the JC model into the abaqus explicit subroutine and linking them.
3.7.1 Modifications of the Johnson-Cook Model
As explained earlier and also as indicated in the equation (1), the JC model has 4 terms
which contribute to the strength, they are the yield strength of the material at room temperature
represented by ‘A’; the first term within the brackets which represents the strain hardening; the
rate term and the effect of the temperature. In this study we are interested in only modifying the
parameter A and the strain hardening term. We assume that the strain rate has very little effect on
the changes that occur at the microstructure level.
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3.7.1.1 Modifications in the Parameter A
As explained earlier, the yield strength of the material is a microstructure sensitive
property which means that the strength of the material is affected by the microstructural
parameters such as the grain size. The equation used to relate the grain size to the strength of the
material is call as the Hall Petch equation given below is used,
A  AHP  K HP D

 12

(2)

We assume the value of A_HP as 50 Mpa, A_HP is the strength of one crystalline, K_HP is a
parameter and D is the average size of the grain.
Given a test sample we can find out the values of the room temperature strength A and
the mean value of the grain size D, if they are not available. Using this information and making
use of the 2nd equation, K_HP can be calculated. Once the grain size starts to change due to the
higher temperatures it starts experiencing, D in the above equation can be measured and A
calculated. Figure 3-2
the
between the grain size and parameter ‘A’.
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Figure 3-2. Grain size dependence of the Johnson Cook parameter A in AA5083-H131.
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3.7.1.2 Modifications in the Strain Hardening Term
As discussed previously, the equivalent plastic strain in an indication of the density of
dislocations i.e the higher the equivalent plastic strain means that the dislocation density is
increasing. This is true if the operating temperatures are not very high or near the recrystallization
temperature, but at higher temperatures this relationship does not hold true especially in the weld
pl
interface. Therefore, a new term  mod
had to be brought in. The fundamental difference is that



pl

pl
is always increasing and  mod
is allowed to decrease which signify that the dislocation

pl
density is reducing. Therefore  mod
signifies the density of dislocations.

3.7.1.3 Grain-size Evolution Equation
As discussed earlier, the grain size keeps changing in every time increment and the
calculation of this quantity requires the implementation of equations in the form of increments so
as to calculate the grain size at every time increment which abaqus passes in. Equation to
calculate the grain size is:
D(t  t )  D(t )  D coarseningt  D refinement t

(3)

D coarsening is a +ve value and D refinement is a –ve value. D coarsening is the rate at which the grain

coarses and D
refinement is the reduction in the grain size due to the effect of recrystallization in the
presence of plastic deformation.



By knowing the values of D
coarsening and Drefinement we can calculate the value of the grain
size over the entire time period of the simulation provided the other terms the equation are



known. To calculate the value of D
coarsening and Drefinement the following section introduces
expressions that can be used to evaluate the rate of coarsening and refinement.
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The rate at which the grain grows is represented by D
coarsening . Abnormal growth of the
grains has never been observed in the case of FSW which means that the grains in any region or
zones of the weld all grow in a very steady fashion. The relationship which relates the rate of
coarsening as a function of grain size and temperature is
kCoarsening
D coarsening 
D

(4)

kCoarsening is a function of temperature that the material point experiences . Upon integrating
yields,
D 2  D02  2kCoarseningt

(5)

kCoarsening is defined as Arrhenius form of the equation
Qcoarsening

kCoarsening  kCoarsening,0 e

RT

(6)

Here k coarsening,0 is a parameter which is fixed,

QCoarsening is another constant is we have

assumed this value, R universal gas constant and T is the temperature on the absolute scale.
From equation (4), the rate of coarsening, D coarsening can be evaluated if the value of
k coarsening,0 and QCoarsening is known. Upon extensive experimentation, the values of these

constants are determined. One such source from where the values have been used in this study is
from ref 22. With the help of these values and using curve fitting techniques, the value of

kcoarsening ,0 is found. Figure 3.3 shows the effect of grain size on temperature at different times.
The value of the grain size at the beginning of the analysis was assumed to be 50µ. These results
are a good match to the ones reported by the experiments like the one mentioned in ref 17.
However, the values of

kcoarsening ,0

and

QCoarsening
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are accurate only for a very small range of

temperatures and plastic strain. But since the total time of the FSW process is small, these values


will not change by a big margin. The rate at which the refinement takes place D
Re finement , is
assumed to be directly proportional to the value of the equivalent plastic strain which takes into
account the effect of dynamic recrystallization. Therefore, the expression to calculate the rate of
refinement is given by

D Re finement  DRe finement

 Repl crystalliz ed

(7)

t

The procedure to evaluate the value of  Repl crystalliz ed as explained below is carried out and the
value of DRe finement is found to be 17 µ.
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Figure 3-3. Effect of iso-chronal high-temperature exposure on the grain size in AA5083-H131 with
an initial grain size of 50 microns.
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3.7.1.4 Evolution of the Recrystallization-modified Equivalent Plastic Strain
Similar to establishing relations to evaluate the grain size, similar equations to calculate
at every increment the equivalent plastic strain taking into account the recrystallization induced
plastic strain is necessary for successful implementation of the above model. This can be written
as
pl
 mod
(t  t )  



pl

pl

(t )  

pl

pl
  Re
crystallized

(8)

takes value of increasing equivalent plastic strain meaning that the dislocation density is

continuously increasing and  Repl crystalliz ed takes values that reflects the decrease in the dislocation
density due to the effect of recrystallization in the and represents a negative value of plastic
strain at every provided increment. It must be noted that the value of 

pl

is the abaqus

calculated value. However the value  Repl crystalliz ed is evaluated using

pl
 Re
crystallized


 pl
pl
  Re
crystallized  Re crystallized





e
p

Q Re crystallization
RT



t



(9)

QRe crystalliz ed is the activation energy.  Repl crystalliz ed assumes that there is no recrystallization
occurring if the material has undergone annealing treatment. The long term value of  Repl crystalliz ed
reduces for a constant raise in temperature and this is true since the amount of recrystallization
that takes place increases and the density of dislocations reduces. Figure 3-5 shows the variation
in the grain size with time. It can be observed that there is a reduction in the grain size and this
can be attributed to the effect of recrystallization.
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Figure 3-4. The effect of high-temperature exposure time on the isothermal recrystallized
equivalent plastic strain in AA5083-H131 deformed at a uniaxial plastic strain rate of 0.1s-1.
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Figure 3-5. The effect of high-temperature exposure time on the isothermal recrystallized grain size
in AA5083-H131 deformed at a uniaxial plastic strain rate of 0.1s -1.
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3.7.2 Implementation of the Johnson-Cook Model
Implementation of this modification to the original JC model to take into account the
microstructural aspects on the strength of the material is done in Abaqus which uses an explicit
algorithm for the calculations. The explicit algorithm in abaqus contains the inbuilt model of
Johnson Cook. Making use of this and by using the explicit user subroutine VUSDFLD the
implementation was carried out by using the concept of state and field variables. Abaqus outputs
certain quantities like the stress, strain, displacements etc…but does not output some quantities. If
we want to keep a track of these quantities abaqus provides the facility to define it as a state
variable and we keep a track of this quantity. It does not in any way affect the response of the
material. On the other hand, if we want this variable to affect the mechanical response of the
material we have to define it as a field variable. Implementation of the proposed modification is
done in two stages:
First Step: Tabular representation of the JC model is utilized in place of the conventional
analytical model. The abaqus calculated value of equivalent plastic strain is set to zero and this
quantity is defined as field variable which takes into account the recrystallized plastic strain,

 Repl crystalliz ed - the1st field variable. In order to retain the effect of temperature on the strength of
the material, strength is made a function of temperature and the grain size. The second field
variable defined is the grain size. The rate of straining effect is also not modified and its form is
retained. Therefore, the strength of the material is a function of temperature, the first field
variable,  Repl crystalliz ed , and the second field variable, grain size. Enough values are provided to
abaqus so as to make the linear interpolation accurately for a range of values.
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Second step: The above modification involved changes to be carried out in the abaqus input file.
The second step involved developing the VUSDFLD subroutine. In this subroutine, three state
variables and two field variables are defined. A scalar measure of the recrystallized plastic strain,
grain size and the abaqus calculated scalar measure of straining are the three state variables
defined. The state variables had to be defines because abaqus does not allow to save the value of
the field variables to be saved at every time increment. So by defining the three quantities as state
variables, we were able to save these at every time increment and use state variables to update
field quantities.
3.8 Computational Analysis of the FSW Process
The modeling and analysis done for this study involved using the coupled analysis by
allowing the thermal part and the mechanical part to affect each other. Most of the analysis
carried out is similar to the one mentioned in chapter 2 except that the study of the outputs is
different.
3.8.1 Computational Domain and Meshed Models
The radius of the workpiece is 40mm having a thickness of 7mm and having a circular
hole in the center with radius equal to 3mm. The diameter of the shoulder of the tool is 10 mm
and its height is 4mm. The pin is having a diameter of 6mm with 8mm high. The figure 3-6(a)
and (b) shows the workpiece and the tools.
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Figure 3-6. Geometrical models with dimensions for the: (a) FSW tool; and (b) FSW workpiece .
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Meshing is carried out by using approximately 16750 linear elements which are eight noded and
having temperature degrees of freedom activated. Figure 3-7 shows the meshed tool and the
workpieces.

Figure 3-7. Meshed models for the tool and the workpiece used in the present work.

3.8.2 Computational Procedure
3.8.2.1 Computational Algorithm
As explained earlier the the temperature and the mechanical parts are made to depend on
one another. By making them interdependent we now can account for the heat generated due to
friction and plastic deformation and also the effect that this increase in temperature will have on
the mechanical properties. As also described previously regarding the formation of the different
weld zones, the thermo mechanical affected zone and also the nugget regions of the weld are the
ones which have undergo a lot of plastic deformation. The problem of negative volume may
occur by using the conventional Lagrangian formulation in the element mathematical description.
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Therefore we used the element formulation which has both the eulerian as well as the lagrangian
characteristic of the formulation. This type of elements are called as ALE.

By using this

formulation, abaqus typically keeps meshing to make sure that the volume of the element goes
negative.
3.8.2.2 Heat Sources
In the absence of external heat sources, the FSW process relies only the friction and
plastic deformation without which a good quality weld can never be achieved. We assume that
almost 97% of heat generated is conducted by the workpiece as well as the tool. The partitioning
of the heat is the same as discussed in chapter 2.
3.8.2.3 Initial and Boundary Conditions
It is important to know here that the workpiece is moving and the tool is stationary
although in a actual welding process it’s the other way round. The tool is rotating initially at a
certain velocity and is then lowered on to the workpiece. Constant translational velocity is
assigned to the workpiece. Also, the material is not allowed to flow in the directions
perpendicular to the flow to take into account the effect of the rigid plate placed to hold the work
pieces together. Also, to model the effect of heat lost and to bring reality to the model, it is
assumed that convection occurs at the free surfaces.
3.8.2.4 Contact Interactions
Modeling contact is very crucial in the case of FSW since it through the friction that
occurs at the contact the main sources for heat. We use the contact pair technique in abaqus which
uses the penalty contact algorithm to determine when the surfaces will be in contact with one
another. Since contacts are highly non linear events, exponential contact techniques so as to
prevent the premature failure of the analysis were used. By use of the inbuilt coulomb law,
stresses due to friction were defined (i.e shear in nature).
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3.8.2.5 Mesh Sensitivity Analysis
It is important the model be insensitive to the changes related to the element size or the
number of elements. A series of runs with different combinations of the element sizes were
carried out to make sure that the variation in the results are not high.
3.8.2.6 Computational Cost
Incresing the number of elements increases the time taken to perform the calculations.
The use of explicit algorithm in solving makes the analysis more slower due to the conditional
stability nature of the algorithm. To avoid this, the mass of the elements were artificially
increased in case the time increment was below a certain limit, a procedure which required
activation of the so called ‘scaling procedure’.
3.9 Material Models
It is assumed that the amount of deformation undergone by the tool relative to the
workpiece is negligible. Therefore, it is assumed to be rigid. The elastic response of the material
is modeled as a linear, elastic material. The work piece material is modeled using the modified
version of the Johnson cook material model which was discussed in the previous sections.
3.10 Typical Results
`

The spatial distribution of the grain size, equivalent plastic strain which were the field

variables defined in the VUSDFLD subroutine is presented here. The effect of these on the
strength of the material will be present in the section that follows.
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Figure 3-8. Typical FSW computational-analysis results pertaining to the steady-state distribution
of: (a)-(b) Equivalent plastic strain; (c)-(d) Nodal velocities; and (e) -(f) Retreating-side and
advancing-side tracer-particle trajectories.
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3.10.1 Equivalent Plastic Strain Field
Figure 3-8 (a) and (b) shows the Equivalent plastic strain distribution. This value is not
the recrystallized value of the plastic strain but represents the net plastic straining which has taken
place.
Careful review of the figures reveals that:
(a) The amount of plastic straining that has taken place is sufficiently high of the order of around
55 being the max and the minimum value observed being 15. This value is a function of several
variables including the translational velocity, the rotational velocity and also the forging pressure.
(b) As expected, the magnitude of the plastic straining is the maximum under the tool, and this
value continuously reduces as a function of thickness.
(c)Due to the difference of behavior of the materials lying on the advancing and the retreating
side, plastic straining cannot be expected to be uniform.
3.10.2 Material/Tracer Particle Trajectories
The analysis type which is being used here has certain characteristics of an eulerian and
therefore the material need not be tied to the material. To keep a track of the path the material has
taken is given by the curves or the trajectories that follows. It can be seen that the behavior of the
material on the advancing side and that on the retreating side is different as discussed earlier and
is clearly visible here. As mentioned earlier, it is possible in this kind of problem formulation to
define multiple materials. So, although the tracer particles and the workpiece are both made of the
same material, just by changing the name we could assign this particles different color so as to
easily visualize it in the analysis. In figure 3.8 it is clearly evident that the tracer particle in the
retreating side never actually comes into the so called stir zone i.e there is no extensive stirring
undergone by the material lying on this side of the tool. This does not hold true for the material
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lying on the advancing where you see extensive stirring of the material.It is also observed that if
the material on the advancing is closer enough to the weld interface, they undergo a lot more of
stirring than the material lying little away from the tool.
3.10.3 Temperature Field
Figure 3-9 shows the distribution of temperature in the workpiece. Careful analyses
of these figures reveal:
-The temperature distribution varies to a very large extent on the selection of the process
parameters like the downward pressure, the travel speeds and also the amount of plastic
deformation that can take place. It can be observed that the maximum temperature can be
observed to vary from 700 to 800K.
-As expected, the greatest increase in temperature is in region that contacts the shoulder and
reduces in the downward and the radial direction.
- Not only the temperature is a strong function of the process parameters and the difference
between the temperature observed on the top surface and the bottom surface of the workpiece
gets lowered. Although this variation in temperature is high enough to cause thermal stresses.
- As discussed, earlier the friction and plastic deformation are the only sources of heat in this
process. As these are also very strong functions of process parameters. Insufficient temperature
generated at the interface means that the resulting weld may have defects while too high a
temperature can result in severe change in the microstructure.
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Figure 3-9. Typical temperature distribution over one-half of the work-piece obtained by
cutting along: (a) the longitudinal; and (b)-(c) transverse directions
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3.11 Microstructure and Property Predictions
The main objective of this paper was the modification of the Johnson Cook material
model so as to take into account the effect of microstructure on the strength of the material.
Details as to how the modification and implementation was done have already been explained in
the earlier sections of this chapter. Fully coupled thermomechanical analysis was carried out
using this modified material model. In this section the distribution of the grain size which was
defined as field variable in the analysis are presented.
3.11.1 Grain-size Distribution within the Weld
Figure 3-10 shows the distribution of grain size. As discussed earlier regarding the
different zones that are visible after the welding, from the figure below this is clearly evident. The
reduced grain size region can be classified as the weld nugget region which due to dynamic
recrystallization has led to a very small grain size. The size of the grain size in the base metal
region is 50 micron which was assumed as the initial size of the grain. The increased grian size
region can be classified as the HAZ / TMAZ where material residing in this region experiences
high temperature for longer times. The prediction of the grain size is very important since in
critical applications the overall strength of the material is controlled by the size of the grain. This
is a very strong function of temperature which inturn depends on the process parameters. One of
the loads that these structures will be subjected to is the ballistic impact which demands very high
strength. The HAZ is the most critical region which has a very large grain size and inturn the least
strength.
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Figure 3-10. An example of the spatial distribution of grain-size across a transverse section of a
FSW-joint in AA5083-H131. Material initial grain size is 50μm
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Figure 3-11. An example of the spatial distribution of room-temperature material yield strength
across a transverse section of a FSW-joint in AA5083-H131. Material initial yield strength is
167MPa.
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3.11.2 Room-temperature Material Yield-strength Distribution within the Weld
The figure 3-11 below shows the distribution of the strength of the material. The strength
of the material at room temperature was 167 Megapascal. The figure reveals that,
Corresponding the size of the grain the strength of the material in the weld nugget region is
founto be the highest. This is one of the advantages of the FSW process. Usually, the strength of
this region is lower than the strength of the base metal in fusion welding methods. The strength of
the material is controlled primarily by two factors. One one hard, the strength of the material is
increasing due to the effect of the increasing dislocation density which means that the strain
hardening process is taking place. However, on the other hand the strength of the material is also
controlled by the grain size which undergoes extensive recrystallization and also experiences a lot
of plastic deformation. In certain zones like the Thermo mechanical affected zone, it is very
much evident that the strength is mainly derived by the effect of hardening.
Heat affect zone is also clearly visible since it is this region that even experimentally, the grain
sizes were the largest due to high temperature exposure. This contributed to a reduced strength.
3.12 Summary and Conclusions
From the above results and discussions, the following can be concluded:
1. The Original JC model is modified so as to take into account the effect of the changes that
occurs at the microstructure level that significantly affects the strength of the material.
2. A number of analysis runs are carried out to check the robustness and accuracy of the model
for a 5000 series aluminum alloy.
3.

This modified version of the model is later utilized to estimate the spatial distribution of the
material strength and the effect of the variation of the FSW parameters.
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CHAPTER 4
FRICTION STIR WELD FAILURE MECHANISMS
IN ALUMINUM-ARMOR STRUCTURES
UNDER BALLISTIC IMPACT LOADING CONDITIONS

4.1. Abstract
The changes that occur at the microstructural level greatly contributes to the properties
imparted to the material and since these welded structures will ultimately have to withstand the
high rate dynamic loadings, it is extremely critical that the spatial distribution of the
microstructure and the mechanical properties be determined accurately to strengthen the weakest
point in the structure. One of the ways of quantifying the ability of the material to withstand these
loadings is by the so called ‘V50 ballistic limit’ which is defined as the velocities at the 50% of
the projectiles completely penetrate the target. The main objective of the present work is to
determine the spatial distribution of this V50 ballistic limit. A series of analysis is carried out in
order to predict the V50 ballistic limit. Aluminum alloy 5000 series grade is used in the analysis.
A two way coupled analysis is carried out so that the thermal part affects the mechanical response
and the mechanical friction generated and plastic deformation contributes to the thermal part.
This V50 not only depends upon the material properties but also on the projectile properties such
as the shape, size, mass etc…. and also the failure modes. Since the spatial distribution of the
material strength is diverse, so we expect the spatial distribution of the V50 ballistic limit to be
diverse and identifying the weakest areas is critical and reinforcement needs to be provided.
4.2. Introduction
The ever increasing need for the use of materials which are lighter, stiffer, tougher and
stronger has been the mantra. Aluminum alloy was always the top contender for this. But the
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problem associated with using aluminum was the problem of welding this to supporting
structures. Due to the high strength of aluminum, the problems of cracking upon solidification
was considered a major problem and even many grades of aluminum were considered
unweldable. To avoid this problem research was carried out on solid state welding processes
where FSW comes in. There was always a need for better joining techniques. Even if there was
no problem of cracking in welding aluminum alloys using the fusion welding methods, the
microstructure that was achieved post weld was inferior compared to the microstructure of the
material pre-welded. Also, the use of filler materials in fusion welding methods always involved
the problem of corrosion. The absence of the filler material and the use of a tool which made of a
very strong material makes FSW the most preferred choice of welding process for aluminum.
Figure 4-1 shows the typical set up of the FSW. Only a very brief description will be provided
here since most of the experimental setup and other details have already been explained in the
previous sections. The use of FSW also involves considerably less weld distortion when
compared to other fusion welding processes since comparatively low temperatures are being
experienced by the materials. It should be noted that applying large external forces are always not
desirable and FSW process involves excessive plastic deformation of the workpiece material
which may result in the development of residual stresses. This is particularly undesirable since if
the nature of these stresses is in tension the changes of failure are high. Three distant zones are
observed in friction stir welded structures excluding the microstructure observed in the base metal
region. The inner most region is called the weld nugget where the material residing in this region
undergoes extreme plastic deformation and also experiences considerably high temperature. Due
to this, the grains undergo recrystallization in the presence of plastic deformation. This results in
the birth of newer smaller grains having lower energy. The weld nugget is the innermost region of
the weld. The second region from the weld in the thermo mechanical affected zone. In this zone
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the material undergoes extensive plastic deformation but lower temperatures than the material
residing in the weld nugget region. The heat affected zone in the welded structure is often the
region having the least strength in the material and it is very important that we keep this region as
narrow as possible although the width of the HAZ depends on the thermal conductivity, the
process parameters and the temperature generated at the interface. Although FSW offers unique
advantages when it comes to the microstructure and the mechanical properties attained post weld,
there are certain limitations of the FSW tool as well. For ex in the welding titanium which offers
very high resistance at say around temperatures in the range of about 800-1000 deg C, there are
possibilities that the FSW tool may break since the strength of the tool is not very high at higher
temperatures. An insertion is made into the workpiece at the beginning of the process and this
needs to be machined out which adds an additional manufacturing step and increases the cost.

Tool Rotation
Direction
Tool Shank
Weld Direction

Base Metal
Tool Pin
Retreating Side

Tool Shoulder

Weld Nugget

TMAZ

Figure 4-1. A schematic of the Friction Stir Welding (FSW) process.
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Figure 4-2. A schematic of the main microstructural zones associated with the typical FSW joint .

There has been considerable amount of research carried out on FSW which has led
to new innovations when it comes to welding aluminum alloy plates having thickness in excess in
65 mm. Greater level of confidence in the tool and the process has been exhibited and the
improvements in control systems helps in achieving extremely high quality welds. All this
contribute to the increase in the ballistic limit.
FSW has a lot of advantages but few things in common with the fusion welding methods.
Even in FSW, although the overall strength of the material achieved is better than the counterpart
fusion welding methods, the spatial distribution of the properties are still diverse and in critical
applications they play a very important role. This variation of the properties means that the there
is large variation in the ballistic limit distribution as well and there are areas which are exposed to
direct loading which is a cause of concern.
The objective of this study is to determine the spatial distribution of V50 ballistic limit
across the FSW joint by making use of the spatial distribution of the microstructure and the
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material strength obtained from the previous analysis. The ballistic limit is particularly important
in the cases of thick plates.
A brief description of the most common modes of failures is listed in Section II. Section
III provides the equations that describe physical phenomenon behind failures. Procedure used to
determine the ballistic limit across the weld is presented. Section V presents the results and
conclusions.
4.3 FSW Joint Failure Mechanisms
The main modes of failures when a material is subjected to ballistic loads are: (1)
Petalling; (2) Ductile Hole Enlargement (DHE); (3) Plugging ; and (4) Spalling. As described
earlier there are many factors which affect the ballistic limit of the material and one of them is the
modes of failure. The strength of the material is a microstructure sensitive property. The
microstructure inturn strongly depends on temperature. Therefore, the ballistic limit also depends
to a great extent on the local microstructure of the material and as very well known the strength of
the material in the heat affected zone is the least due to coarsened grains. The physics behind the
failure is briefly explained in the next section.
4.3.1 Front/impacted and Back/rear Face Petaling
Figure 4-3 (a) and (b) show the typical petaling failure where the material ejected is in the
shape of petals due to the ballistic impact. The material around the area which is impacted by the
bullet is ejected in a way such that a petal like shape is formed around the impacted area. When a
bullet is impacted, the backface of the target undergoes tensile loading and the impact face under
goes compression loading. There is a wave that is generated upon impact by the projectile and
upon reflection this wave after incident on the other end, the material is put into tension and this
tensile stresses is what causes the failure. It is also known the stresses in the radial direction and
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the hoop stresses play a critical role in failure. Just like failure modes in static loading, dynamic
high rate loading also results in multiple failure modes and often one mode of failure leads to the
other. As mentioned earlier, the failure mode not only depends on the mechanical properties and
the microstructure but also on the mass, shape and the velocity of the projectile. There is a one to
one correlation, to the first order approximation, between the material strength and the hardness.
The harder the material is, the stronger the material but the ability of the material to undergo a lot
of deformation is limited due to its high strength. This mode of failure also is prominent in
materials having high hardness.
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Figure 4-3. Schematic representation of: (a) front face; and (b) back face petaling failure mechanism.
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4.3.2 Ductile Hole Enlargement
As mentioned earlier, in addition to the microstructure and the associated mechanical
properties, the shape of the projectile, the mass of the projectile, the location of the impact all
play a major role in the response of the material. The ductile hole enlargement is typically found
when the projectile having ogive shape impacts the targets. Due to the force of the impact, the
material around the impacted zone is absorbs the energy and which results in the displacements
and this kind of gains large momentum which continues to increase with higher impact velocities.
Although many factors control the mode of failure ductile hole enlargement is most commonly
observed in very large thick plates. Figure 4-4 shows a typical ductile hole enlargement
mechanism. It has also been found that impact of ogive shaped projectile in the heat affected or
the thermo mechanical affected zone causes this kind of failure to occur. Most often one mode of
failure initiates but due to this another mode of failure becomes prominent. Therefore in most of
the failure mechanisms there are more than one failure more operating. This also depends on the
strength of the material. Strength of the material plays a major role in the failure modes. In
addition to this the heat treatment or the mechanical treatment provided greatly influeces the
overall behavior of the metals. In thick plates where there are higher chances of non-uniformity
occurring in the heat treatment process this may lead to increases thermal stress and if the nature
of these stresses is in tension then there are chances that the material may fail without absorbing
the load it may be designed to withstand. This again means that the ability of the material to
undergo a lot of deformation like in ductile materials becomes limited. Figure 4-5(a) describes the
relationship between hardness and the ballistic limit. It is clearly evident that as the strength or
hardness of the material is increased, there is a decrease in the ballistic limit. However it can be
observed that the higher the hardness another mode of failure takes over i.e the spalling beings to
occur at the rear of the plate.

79

Ductile Hole
Enlargement

Targe
t
Projectile Travel
Direction
Figure 4-4. Schematic representation of the ductile hole enlargement failure mechanism.

4.3.3 Plugging
This mode of failure involved the formation of a slug which is in cylindrical shape and
the size of this slug comparable with the size of the ballistic media and there is intense plastic
deformation occurring at a localized region in the target material. Figure 4-6 shows the
mechanism for this kind of failure. The impact of the projectile in the heat affected zone and the
thermo mechanical zone mainly results in this mode of failure. As mentioned earlier, the plugging
mode gives rise to other modes of failures like spalling and petaling and these are inturn
controlled by the strength of the material and also the toughness.

General assumption is that,

Plugging failure is caused by shear cracking assisted by the presence of adiabatic plastic-shear
bands in the target plate material where the impact is. The highly localized region which
experiences plastic deformation, damage and fracture are considered the dominant modes of
energy absorption in this mode of failure. Comparison of Figures 4-5(a) and (b) shows that
relationship between the ballistic limit and the material hardness is not very different from that of

80

ductile hole enlargement mode of failure. Again, the harder the material, less the ability to
undergo plastic deformation which results in a reduced ballistic limit. The minimum level of
hardness which results in the reduced ballistic performance is slightly lower for the plugging
failure mode. This may be due to the greater amounts of the straining occurred for this failure
mode. However, the severity in the loss of the ballistic limit in this plugging mode of failure is
generally observed to lesser that the ductile hole enlargement.
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Figure 4-5. A prototypical functional relationship between the target ballistic limit and the material
local hardness: (a) in the case of the ductile hole enlargement dominated failure obtained
experimentally [1] and predicted by the CET; and (b) in the case of plugging dominated failure
obtained experimentally [1] and predicted by the plastic strain localization theory.
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Figure 4-6. Schematic representation of the plugging failure mechanism.

4.3.4 Spalling
Spalling is another mode of failure which occurs main at the back face of the target
material. This mainly occurs when there are sufficiently due to the material being subjected to
tension. When there is an impact, the stress wave produced initially compresses the material and
when this wave hits the back surface it reflects back as a tensile wave. Since the nature of this
wave is in tension, this wave is trying to tear apart the material which gives rise to spallation.
Figure 4-7(a) shows the mechanism of spalling failure. Again, its more predominant in plates
which are sufficiently thick. The stress wave propagation is the main cause of this failure mode
where repeated loading such as reflection back and forth from each of the surface produces
repeated tension and compression which is always trying to tear apart the material. Cold rolling is
performed is increase the strength of the material at room temperature. The orientation of the
grains is very important and the strength of the material in the direction of rolling increases the
strength while the strength in the transverse direction is reduced. The strength of the material in
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the weld nugget is very high and consequently possesses high hardness. The impact of the
projectile in this region has found that the projectile itself has undergone more deformation than
the parent material suggesting that the strength of the material in the weld nugget region is the
high. This region of the weld when welded by fusion welding methods is not as strong when
compared to Solid state welding.
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Figure 4-7. Schematic representation of the spalling failure mechanism within the: (a) HAZ/TMAZ
regions; and (b) the weld nugget region.

84

As explained, the increase in the hardness of the material is one of the primarily causes which
results in a reduced toughness. The mechanism as to how the spall nucleates may be different for
the different modes of failures. For the ductile hole enlargement (DHE) mode of failure,
excessive straining taking place may not really be a deciding factor since the formation of cracks
can be considered as grain boundary defects. The heat treatment carried out on these materials
play a critical role in deciding since the strength of the material is affected considerably at the
grain boundaries which inturn affects the ballistic limit. But for the plugging mode of failure, the
cause could be identified as a localized plastic deformation. Most work done on the material is
utilized in the formation of the cracks. Once the crack if formed, and if the material is brittle,
since the material does not have the ability to undergo a lot of deformation i.e not much energy is
absorbed if the material fails in a brittle manner. To summarize, the heat treatment carried out has
significant effect on the ductile enlargement mode of failure and less so on the plugging mode of
failure. It can also be inferred form the above discussion that the ballistic limit is not a function of
the hardness or strength alone but also on the microstructure of the material. All these factors
affect the ballistic limit.
4.4 Modeling of FSW Joint Failure Mechanicsms
The previous section dealt with a brief overview of the physical phenomenon behind the
four FSW joint failure mechanisms and their role in controlling the overall ballistic performance
of the armor.

This section deals with deriving the lacking relations which quantify the

contribution of these failure modes to the overall ballistic performance of the target.
4.4.1 Front/impacted and Back/rear Face Petaling
The contribution of this failure mode to the overall ballistic performance is very small as
explained earlier. Since this failure mode does not play a major role in controlling the overall
ballistic performance, this failure mode was not modeled in the present study.
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4.4.2 Ductile Hole Enlargement
Cavity Expansion Theory is generally used to model ductile hole enlargement failure
mode. Within this theory, target penetration of a ogive shaped projectile is considered as a radial
expansion problem of the associated cavity which is formed in a cylindrical shape within the
target. By integrating together the governing mass and momentum conservation equations along
with the plasticity definition of the material constitutive relations, a relation between the axial
force whose role is to oppose penetration of the target and the cavity-expanding radial stress
denoted by s is established. The quantity, s , is then combined with the material stiffness and
strength parameters which includes the effect of strain hardening and with the rate of expansion
of the cavity. The contribution of the inertia of the radial expansion is ignored in the present
study. Then using Newton’s second law, the ballistic limit V50 is computed as the minimum
velocity required for the projectile to penetrate completely the target. The relation between V50
and s becomes;

V50  (

2a 2 h s 1 / 2
)
m

(1)

where a is the projectile shank radius, m the mass of the projectile and h the thickness of the
target.
Assuming the material undergoes plasticity, considering the effect of strain hardening
which increases the material strength, in a tension testing, the stress and strain relationship,  u
vs.  u relation being defined as:
 E u 

 Y 

u  Y 

n

(2)
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where Y is the yield strength at room temperature, E is Young’s modulus which represents the
stiffness of the material and n is a parameter which represents the hardening exponent,s can
then be expressed as

s 

n
Y   E  b  ln x n 
1 
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By combining Eqs. (1) and (3), one obtains:
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Clearly, Eq. (4) shows a nonlinear behavior between strength of the material and the ballistic
limit (V50). Although this nonlinear behavior does not exactly match the experimental results, ist
has been found that the presence of nonlinearities in the V50 vs. u relation is very small.
The material used to obtain the curve shown in Figure 4-5(a) was using aluminum-alloy material
having parameters: E=70GPa, Y=250MPa and n=0.15. Although the ballistic impact events are
all high rate dynamic events, the experiment carried out in quasi static conditions with the
properties ignoring the inertia effects, the results were still comparable. This is because; the
material response when subjected to high rate loadings v/s static loading conditions is very
different especially when the effects of temperature are considered. This probably may be due to
the fact that at high rate loading, there is no conductivity occurring since these ballistic events are
of the order of micro seconds and for conductivity to occur, it requires some time. Therefore
material undergoes large plastic deformation at room temperature for this mode of failure.
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4.4.3 Plugging
The general assumption behind this mode of failure is the shear cracking which is
influenced by the formation plastic-shear bands which are adiabatic in nature within the material
which lies around the impact zone of the projectile [20, 22, 25]. Modeling this mode of failure
generally is through the combination of the conservation and the material constitutive equations
associated with one of the adiabatic plastic-shear instability theories [e.g. 25]. However, the
mathematical reasoning behind this theory has been a topic of discussion among the research
community for many years. Although most of them agree with the physics behind this theory the
relations the govern the material properties and the mode of failure is still a point of conflict.
The onset of this instability mainly when the material in being loaded and the effect of strain
hardening dominates the process and overcomes the material softening. This provides the
condition so that the maximum shear stress, , and the shear straining at the location, , becomes
negative, i.e.
d 

d 
dT



 0
d  T ,  T , d T  , d

(5)

Where T denotes temperature. In Equation (5), assuming the system is adiabatic,

dT
can be
d

assumed to be equal to /C, where C is the specific heat. The other derivatives in equation 5 are
functions of  ( , , T ) .Assuming the strain hardening and rate equations follow a parabola curve
with n and m denoting the material strain hardening parameters Equation (5) can be written as:
c 

n
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where  c is the critical straining beyond which the instability occurs, at which the value of
d
 0 . Further simplification of equation (6) in the presence of high strain rate loading results in
d

c  

Cn

(7)


 


 T  , 



Equation 7 reveals the following;
Since the specific heat is sufficiently high, the amount of temperature required to increase
is high and therefore the adiabatic temperature increase is considerably less. The effect of
hardening is significant which means that the strength of the material is continuously increasing
and therefore this dominates the softening that could occur resulting in the overall increase in the
strength. The effect of temperature on the strength of the material is relatively low since the
overall process takes place in microseconds. Equations 6 and 7 relate the critical strain with the
material properties and not the ballistic performance directly. Due to the complexity of the
process, establishing relations between the shear strain and the ballistic limit requires more
understanding of the physical mechanism of this failure mode. In general, the ballistic
performance of the material can be expected to be directly proportional to the hardness or
strength of the material.
This mode of failure is considered to significantly impact the heat affected zones and the
thermo mechanical zones and decreases the ballistic limit of the material.
4.4.4 Spalling
As explained in the above sections, the spalling failure predominantly takes place at the
rear end of the target, and is generally associated with a loss of the toughness of the material and
generally there is a increase in the size of the hole formed at the back end of the target plate.
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Figure 4-5(a) shows that, there is a loss in the ballistic limit when the hardness of the material
increases. This can be attributed to the fact that increase in hardness reduces the mobility of the
materials to undergo plastic deformation thereby reducing the ductility of the material.
Figure 4.5(a) says that the lower the hardness, the higher is the ductility and the ability of the
material to undergo deformation and the material behavior is ductile. The increase in the hardness
of the material reduces the ductility of the material and thereby its ability to undergo plastic
deformation reduces and the failure occurs in a brittle manner. The hardness of the post welded
structure is found to be high in the base metal region and also the heat affected zone and this
inturn reduces the ballistic limit. As can be inferred from figure 4-7 (a), the cracks formed and
propagated through the grain boundaries results in the spall mode of failure. This mode of failure
also reduces the ballistic performance. Also as indicated in figure 4-7(b) the ductility of the
failure mode if impacted on the nugget region also significantly results in the ballistic
performance of the material. The failure of the material by spallation still remains an area of
research with certain critical concepts not understood exactly. Therefore there actually is no
agreed relationship when it comes to prediction of the ballistic limit for this mode of failure.
4.5 Spatial Distribution of the Ballistic Limit within the FSW Joint
The objective of this study is to determine the ballistic limit across different regions of
the friction stir welded plates. As described earlier, the ballistic limit is not a function of only the
microstructure or the material properties alone but also depends on the mode of failures when
subjected to ballistic impacts. A fully coupled thermo mechanical analysis is carried out where
the material properties are affected by temperature and the friction and plastic deformation inturn
contributes to the increase in temperature. The details of the friction stir welding modeling and
simulation is described in the next section followed by the discussion of the spatial distribution of
the ballistic limit.
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4.6 FSW Process Modeling
A brief description of the process modeling will be presented here since a detailed
version is already presented in Chapter 2 and Chapter 3. Fully coupled analyses to take into
account the change in the material properties due to temperature and in turn the plastic
deformation and friction contribution to the thermal equation is carried out. Material models
which take into account the effect of the changes that occur at the microstructure level is used.
4.6.1 Computational Domain and Meshed Models
A circular workpiece with a hole and a tool which consists of a pin which in cylindrical
in shape, a shoulder sitting on the top of the pin is considered. The workpiece and the tool
including the shoulder and the pin is displays in the figure 4-8. Eight noded, reduced integration
element having temperature degrees of freedom are used in the analysis. The workpiece is
meshed in two regions, one having a finer mesh and one having a coarse mesh. The material near
the tool is meshed with a finer mesh so as to capture the effects is more detail. Figure 4-8 C,
shows the discretized models.
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Figure 4-8. Geometrical models of the: (a) FSW tool; and (b) the workpiece; and (c) a close-up view
of the corresponding FSW meshed models.

4.6.2 Computational Algorithm
The main source of heat generation in the friction stir welding process is through plastic
deformation and friction as discussed earlier and the thermal and the mechanical part affect each
other. In a FSW process the material undergoes large strains and rotations and the use of the
conventional lagrangian formulation of the problem involves excessive distortion and results in
negative volume. In order to avoid this problem Arbitrary Lagrangian Eulerian formulation of the
elements is used. This fully coupled analysis is then solved within the explicit algorithm in
Abaqus so that the effect of inertia is considered.
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4.6.3. Sources of Heat
As explained earlier, there are no external heat sources for the friction welding process. It
is very critical the parameters and the tool design are selected such that the heat generated due to
friction and plastic deformation is sufficient enough for the weld to form. Too high a temperature
generated at the interface can result in undesirable microstructure and too low a temperature
generated may result in improper weld and may result in defects. It is assumed here that 90% of
the heat generated is utilized and this is distributed equally among the workpiece and the tool.
4.6.4 Initial and Boundary Conditions
Constant rotational velocity is assigned from the zero time of the analysis along with the
pressure applied on the tool to remain in contact with the workpiece. It should be noted that in the
actual welding process, the tool moves and the workpiece is fixed by a backing plate. But in the
present analysis the workpiece is made to move while the tool is rotating at a constant velocity.
Inflow and Outflow conditions were assigned to certain domains of the workpiece.
In addition to the above mentioned restrictions assigned to the material, to mimic the effect of the
backing plate the material flow in the direction normal to the surface was restricted by define zero
velocity conditions. Also convection boundary conditions across all the surfaces exposed were
defined so as to make the process more realistic.
Due to the inflow and the outflow nature used in the boundary conditions, the domain
modeled in the current analysis can be considered to be infinite in all the directions.
4.6.5 Contact Interactions
The use of proper contact algorithms and modeling the contact as close to realistic is very
important in this modeling process. Improper or unsuccessful modeling of contact can lead to
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inappropriate results such as inappropriate temperature results which in turn can lead to
inaccurate predictions of the microstructure and the property. Therefore, the transfer of normal
forces is modeled by employing the “penalty algorithm” within which the magnitude of the
normal force is proportional to the penetration within the workpiece and the tool. Modeling of the
tangential forces transmission is done by employing the modified coulomb friction which is based
on slip/stick algorithm where the magnitude of the tangential force transferred is equal to the
product of the coefficient of static friction and the magnitude of the tangential force. As explained
in the previous sections, the amount of heat generated due to frictional sliding is directly
propotional to the product of tangential traction and the rate of slide. The partitioning of the heat
generated at the interface is as per the relationship in ref 31.
4.6.6 Material Models
Distortion of the tool when compared with the workpiece in a FSW process is very small and
therefore it is safe to assume that the tool is rigid. The elastic response of the tool is modeled
using the hooke’s law considering the effect of temperature. The elastic response of the material
is assumed to be isotropic while the plasticity is modeled using the modified JC model. The effect
of strain hardening, strain rate, temperature effect and the information of the microstructure is
used to accurately predict the strength of the material. The effect of the microstructure
contribution to the strength of the material is the key modification.
4.7 Spatial Distribution of V50 within the FSW Butt Joint
Figure 4-9(a) and (b) shows the spatial distribution of the material yield strength and the
spatial distribution of the microstructure obtained by carrying out a thermo mechanical analysis
combined with the modified Johnson Cook material model taking the effect of the microstructure
on the strength of the material. The results displayed are for aluminum alloy 5000 series alloy
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5083 which is given a heat treatment to a condition H131, it is solid solution strengthened, strain
hardened. The thickness of the work piece considered in the present study is 25.4mm, the
rotational speed of the tool being 250 rpm and a translational speed of 1.9m/s. The results shown
in Figure 4-9(a) shows the average grain size distribution across a transverse cut of the friction
stir welded specimen for AA5083-H131. The initial grain size i.e the grain size in the base metal
region before weld is assumed to be 50microns. It can be observed that the there are two distinct
regions of grain size distribution. One region with the increased size of the grain corresponds to
the heat affected zone and the thermomechanical affected zone while the reduced grain size
region corresponds to the weld nugget region where is material residing undergoes dynamic
recrystallization and in the process new grains are born having lower energy levels.
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Figure 4-9. Typical spatial distributions of: (a) the grain-size; and (b) the yield strength across a
transverse section of a FSW-joint in AA5083-H131 with an initial grain size of 50μm and initial yield
strength of 167MPa.
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Figure 4-10. Typical spatial distributions of the strain hardening exponent across a transverse
section of a FSW-joint in AA5083-H131 with an initial strain hardening exponent, n=0.16.

Figure 4-9(b)shows the distribution of the yield-strength across a transverse cut of the FSW
welded plates made of aluminum alloy AA5083-H131 having room temperature yield strength of
167MPa. Three regions can be identifies from this figure: (a) Weld nugget which is the inner
most zone. The strength of the material residing in this region depends on the effect of grainsize
reduction which increases the strength of the material and the softening occurring due to the
effect of dynamic recrystallization. (b) The Thermo mechanically affected zone where the main
contributor to the overall strength of the material is through the strain hardening effect and (c)
The heat affected zone which does not experience any plastic deformation but the continuous
exposure to high temperatures the grain sizes are increased and therefore the strength of the
material in this region reduced. As explained in the previous sections, the ballistic performance of
the material not only depends on the microstructural aspects but also on the projectile geometry
and the mode of failure. It is observed that most often, depending on the geometry of the
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projectile, the ductile hole enlargement or plugging failure may contribute to the ballistic
performance. Therefore, the ballistic limit prediction was carried out for these two modes of
failures.
4.7.1 Ductile Hole-enlargement Failure Mode
Plugging in the Young’s Modulus, yield strength of the material and hardening exponent into
equation 4, helps compute the V50 Ballistic limit. The following information of the projectile is
considered: The caliber is 7.62mm, 8.2g, having an ogive shaped nose having a steel jacket and
made the core made up of tungsten with a hardness value of 1400Hv. The Modulus in tension of
the material is considered a microstructure-insensitive property and therefore assumed it’s a
constant value throughout the analysis. Figure 4-9(a) is used to extract the information relating to
the spatial distribution of the strength of the material. Comparing figures 4.9(b) and figure 10
shows that as the hardening potential increases in the weld, the strength of the material also
increases and the value of ‘n’ decreases. The results of the spatial distribution of V50 Ballistic
limit within the Friction Stir Welding specimen is shown in Figure 4-11(a) which is obtained
using the above mentioned procedure. It can clearly be observed that the ballistic limit is lower
than the base metal in certain regions. This region of low V 50 corresponds to the low strength of
the material residing in that region. The findings shown in fig 4.5(a) very closely agrees with
these results. It can be argued that the presence of this zone where the ballistic limit is the lowest
is very narrow and may not significantly affect the overall performance of the weld.
4.7.2 Plugging Failure Mode
The volumetric heat capacity, the material yield strength, hardening exponent and the
temperature sensitivity of the material strength,


are used as input to calculate the ballistic
T  ,
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limit V50 of the material. These values are along with Equations 7 and 8 combined gives the
distribution of the ballistic limit. The following details related to the projectile are assumed.
20mm caliber, weighing 53g, it is assumed that the tip of the projectile is blunt and the shell is
cylindrical in shape. The heat capacity is treated as a microstructure-insensitive property and
assumed not to change with any of the parameters during the analysis and therefore a fixed value
is assumed. Figure 4-9(b) is used to extract the information relating to the spatial distribution of
the strength of the material. Figure 4-10 is used to extract the information relating to the strain
hardening exponent. The material strength is assumed to scale with the changes in temperature
i.e the strength of the material increases due to the hardening behavior exhibited and the reduction
in the grain size due to dynamic recrystallization. Figure 4.11(b) shows the spatial distribution of
of the ballistic limit obtained by following the above mentioned procedure. Careful observations
of the figure 4-11(a) and (b) reveal that the spatial distribution of the ballistic limit in the case of
localized shear instability and the hole enlargement mode of failure are not very different.
In addition, it can be observed that the ballistic limit in the case of the failure due to localized
shear induced plasticity is lower than that of the ballistic limit due to the ductile hole enlargement
mode of failure. This result is in complete agreement with the figures 4-5(a) and (b).
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Figure 4-11. Typical spatial distributions of the V50 for the case of: (a) ductile hole enlargement
failure; and (b) plugging failure controlled target penetration.
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4.8 Summary and Conclusions
The main points that can be concluded from the above discussion are follows:
1. A method for predicting the spatial distribution of the ballistic performance of the FSWed
structure is proposed.
2. This new method takes into account the effect of the microstructure on the material
strength and relates the structural mechanics concepts to the modes of failures
experienced by materials subjected to aggressive environments for an aluminum alloy
5000 series grade.
3. Although there was a loss of ballistic performance in the Friction Stir Welded structure it
could be seen that this loss is not very significant which suggests that the overall
performance of the weld is not impacted significantly.
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CHAPTER 5
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
Based on the results presented and discussed in the present work, the following main
summary remarks and conclusions can be made for each of the three FSW-related topics
investigated.
Material Flow and Stirring/Mixing
From the above discussions, the following can be concluded:
1. A two way coupled analysis is carried out where the temperature affects the mechanical
properties and inturn the mechanical effects of friction and plastic deformation affects the thermal
part so as to make the study of the material flow around the tool more accurate. Certain critical
parameters such as the angle of tilt, diameter of the pin and the weld pitch are varied to study
these effects on the material flow.
2. Flow of the material residing on the advancing side and the retreating side behave differently
or in other words the material residing on the advancing side undergoes extensive stirring while
the same does not hold good for the material residing on the retreating side.
3. Flow of the material residing on the retreating side largely occurs in the same plane i.e not
much flow in through the thickness direction. However, the material on the advancing side
undergoes prominent flow in through the thickness direction.
4. Lesser weld pitch, tilt angle of around 2.5 deg and a larger diameter of tool pin are favorable
parameters to obtain good stirring of the material
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Modifications of the Existing Workpiece Material Models for Use in FSW Simulations
1. The Original JC model is modified so as to take into account the effect of the changes that
occurs at the microstructure level that significantly contribute to the strength of the material.
2. A number of analysis runs are carried out to check the robustness and accuracy of the model
for a 5000 series aluminum alloy.
3. This modified version of the JC material model is later utilized to estimate the spatial
distribution of the material strength and its effect on the variation of the FSW parameters.
FSW-Joint Failure Mechanisms under Ballistic Impact Loading Conditions
1. A method for predicting the spatial distribution of the ballistic performance of the FSWed
structure is proposed.
2. This new method takes into account the effect of the microstructure on the material strength
and relates the structural mechanics concepts to the modes of failures experienced by materials
subjected to aggressive environments for an aluminum alloy 5000 series grade.
3. Although there was a loss of ballistic performance in the Friction Stir Welded structure it could
be seen that this loss is not very significant which suggests that the overall performance of the
weld is not impacted significantly.
Undertaking the following studies to understand the FSW process further would be worthy:
(a) Detailed experimental investigations have to be carried out further which helps to better
understand the effect of the variation of the FSW process parameters on the microstructure of the
material, the resulting mechanical properties and the overall performance of the weld. These
experimental results can be later used in validating the numerical models. Upon successful
validation of the models, they can be used to identify the ideal parameters for a given material.
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(b) To understand further the details of the processes occurring at welding tool / workpiece
interface, more experimental studies have to be carried out in real time. The data from these
studies would be very beneficial to the development and validation of the numerical models.
(c)Robust integration of the microstructure evolution equations with the developed computational
models helps to account for the changes that due to contact with the tool.
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